homology with DNA methyltransferase, the Drosophila trithorax gene product, and the "AT-hook" motif of high-mobility-group proteins. An alternative splice that deletes the AT-hook region of MLL was identified. AF4 is a serine-and proline-rich putative transcription factor with a glutamine-rich carboxyl terminus. The composition of the complete MLL-AF4 fusion product argues that it may act through either a gain-of-function or a dominant negative mechanism in leukemogenesis.
Specific interchromosomal translocations are associated with distinct hematologic neoplasms and have led to the identification ofnew oncogenes (1, 2) . One such translocation is the t(4;11)(q21;q23) seen in an aggressive mixed-lineage leukemia (3) . This translocation is one of a number of 11q23 translocations associated with leukemia (4) which appear to involve the MLL (mixed-lineage leukemia) (5) (6) (7) (8) gene on 11q23.
The majority oft(4;11) leukemias occur in infancy and have a poor prognosis (3, 9) . The leukemic cells have a lymphoblastic morphology and typically express the stem-cell marker CD34, HLA-DR, and the B-cell marker CD19 but fail to express CALLA (CD10). In addition, the myelomonocytic marker CD15 is typically present (9) . The biphenotypic nature of these blasts suggests that the t(4;11) transforms a multipotential progenitor cell. In addition to the t(4;11), other 11q23 abnormalities can produce the same clinical and immunophenotypic disease (4) . MLL on 11q23 is also involved in primary and secondary acute nonlymphocytic leukemia (ANLL) (10, 11) . The secondary ANLL is associated with prior therapy with inhibitors of DNA topoisomerase 11 (11) .
Isolation of a yeast artificial chromosome (YAC), yB22B2, that spans the 11q23 breakpoint region (5) has demonstrated that 11q23 breakpoints of both acute lymphocytic leukemia (ALL) and ANLL are clustered within a 7-kb region. A large transcript spans this breakpoint cluster region and was first named MLL (7, 8, 12) . This gene has extensive homology to a Drosophila homeotic regulator of development, trithorax (12) (13) (14) . Molecular analysis of the t(4;11) and t (11;19) translocations indicates that MLL fuses with genes from 4q21 and 19p13 to generate chimeric transcripts from both the der (11) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
and non-der(11) chromosomes (12, 13) . Complex translocations involving 11q23 selectively retain the der(11) (17). Molecular analysis indicates that a portion of the non-der(11) MLL sequences is deleted in up to 30% of cases (18) . This argues that the der(11) encodes the critical product for leukemogenesis.t MATERIALS AND METHODS Cells. RS4;11 (19) , Bi (20) , and MV411 (21) cell lines have been described. Patient material was provided by the Children's Cancer Study Group and the Pediatric Oncology Group.
YAC Characterization and Breakpoint Cloning. The CD3D-and CD3G-positive YAC, yB22B2, was isolated as described (5) . Southern analysis was performed after pulsed-field gel electrophoresis (22) . Partial Mbo I or complete Xba I digests of yB22B2-containing yeast DNA were cloned into ADash II (Stratagene). The P/S4 probe was used to isolate a der(4) breakpoint-containing phage from an RS4;11 genomic library cloned into AZap II (Stratagene).
Transcript Analysis. Two micrograms of poly(A)+ RNA was isolated with the Micro FastTrack kit (Invitrogen) and analyzed by Northern blotting. RS4;11 poly(A)+ RNA was converted to first-strand cDNA with Moloney murine leukemia virus reverse transcriptase primed with oligo(dT) and random hexamer. The double-stranded cDNA was cloned into AZap II. The clone pTA1 is a reverse-transcription-PCR product. All inserts were completely sequenced on both strands. Homologies to known proteins were identified with the BLAST, FASTA, and MOTIFS programs (Genetics Computer Group). RESULTS YAC Cloning of the t(4;11) Breakpoint. When these studies began there were no known genes close enough to the t(4;11) breakpoint to allow its cloning by conventional techniques. Therefore, YAC clones for 11q23 genes known to be either centromeric (CD3D, -G, and -E) or telomeric (THY], CBL2, and ETSI) to the t(4;11) breakpoint were obtained (23) . YAC yB22B2, which contains CD3D and CD3G, was shown to span the breakpoint of several 11q23 translocations (5) . We constructed a rare-cutting restriction map and cloned the ends of the insert (Fig. 1A) . The CD3 genes were next to the left vector arm. A subclone of the right end of the insert (RE1.1) mapped telomeric to the t(4;11) breakpoint. The genomic insert was subcloned into A phage and probes were isolated that localized the t(4;11) breakpoint to a central 70-kb Not I fragment (Fig. 1B) fThe sequence reported in this paper has been deposited in the GenBank data base (accession no. L22179). breakpoints ofthe RS4;11, MV-411, and Bi cell lines and nine patient specimens (Fig. IC) . These 11q23 breakpoints clustered within a 7-kb region, consistent with results from our earlier studies (24, 25) .
The probe P/S4 hybridized to a normal 4.6-kb EcoRI fragment and a rearranged 3.7-kb EcoRI fragment of der (4) origin in the cell line RS4;11. This rearranged EcoRI fragment was cloned and shown by PCR-based somatic cell hybrid analysis to span the RS4;11 breakpoint. A PCR product derived from the 4q21 portion was used to clone normal chromosome 4 sequences. DNA sequence comparison of der(4) with germ-line 4q21 and 11q23 revealed the presence of a 43-bp inverted repeat of chromosome 11 origin at the der(4) breakpoint (Fig. 2) . At the border of this repeated sequence is a 14-of-18 match with the in vitro vertebrate topoisomerase II binding and cleavage consensus (26) . This sequence also has features ofin vivo topoisomerase II binding and cleavage sites (27) , having a G+C-rich core surrounded by A+T-rich tracks. Sequences conforming to the x-like element (28) [GC(A/T)GG(A/T)GG] are present 48 bp from the breakpoint in the 11q23 germ-line sequence and at the breakpoint in the 4q21 germ-line sequence. MLL Sequence Homologies and Alternative Processing. Evolutionarily conserved probes were used to isolate clones from a RS4;11 cDNA library and a contig of >9 kb was assembled (Fig. 3A) . Northern analysis using chromosome 11-encoded cDNAs revealed predominant MLL transcripts of 14.5 and 12.0 kb in cell lines without the t(4;11). In contrast, the t(4;11)-bearing cell lines RS4;11 and Bi also demonstrated an abundant altered transcript of 11 kb (Fig.   3B ).
The cDNA contig revealed a 2304-aa open reading frame running in a 5' centromeric to 3' telomeric orientation ( The homology with methyltransferase is in a zinc-finger-like motif. Sequence homology to trithorax was noted in two regions of MLL proximal to the breakpoint. Homology with trithorax telomeric of the breakpoint has been reported (12, 13, 30) . Also present are homologies between MLL and the 70-kDa protein of Ul small nuclear ribonucleoprotein particles (31) and the AT-hook DNA-binding motif of the highmobility-group (HMG)-I and HMG-Y transcriptional activating proteins (15, 16) (Figs. 4 and 5 ). The homology with the snRNP protein is in an evolutionarily conserved arginine-rich region of unknown function.
Examples of alternative splicing within MLL were identified. An alternative exon of 33 aa starts at residue 145 in Fig.  4 . Clone pc902, isolated from a regenerating marrow cDNA library, demonstrated the molecular basis for the alternative 14.5-and 12.0-kb normal MLL transcripts (Figs. 3A and 4) . Alternative use of donor and acceptor splice sites removes 2.5 kb of coding sequence. A probe derived from the spliced region (3B) hybridizes only to the larger, 14.5-kb normal MLL transcript (Fig. 3B ). This splice removes the MLL AT-hook motifs (Fig. 4) . t(4;11) Produces a Fusion Transcript with a 4q21 Gene. Extension of the cDNA contig in the telomeric direction demonstrated the presence of a fusion transcript encoded on the der(ll) chromosome. Probes from cDNA sequences located telomeric to the breakpoint mapped to chromosome 4. Gu et al. (13) have named this gene AF4 (here referred to as AF4).
Northern analysis using a cDNA probe of chromosome 4 origin identified a predominant 9.5-kb transcript and a faint 10.8-kb transcript in cell lines and a wide range oftissues (Fig.  3B ). An additional 11-kb RNA was present only in the cell lines with the t(4;11) and represents the fusion transcript with MLL encoded on the der(ll). (Ch 11) . Arrows indicate the position and orientation of the inverted repeat present in both the der(4) and normal 11 sequences. Lowercase, der(4) inverted repeat; bracket, topoisomerase II binding site; boxes, x-like elements.
in-frame fusion of MLL and AF4. The predominant 11-kb MLL-AF4 fusion RNA contains the AT-hook motifs (Fig.  3B) , although we cannot exclude the presence of a minor 9.5-kb species that would lack that motif. An extra glutamine can occur at the point of fusion as a result of the alternative use of two adjacent CAG trinucleotides as a splice acceptor site.
The 865 aa contributed to the der(ll) fusion product by AF4 are rich in serine (17%) and proline (11%). Interestingly, the carboxyl terminus of AF4 contains a glutamine-rich segment with homology to a larger glutamine-rich region in the trithorax protein (Figs. 4 and 5 ). There are two areas of concentrated basic charge. A putative nuclear localization signal is present in the second basic region (32) . Although proline-rich, the AF4 sequence does not have a region where the prolines are as concentrated as is typical of a transcriptional activation domain (33) .
DISCUSSION
In this analysis of the t(4;11) we provide additional data to support 11q23 breakpoint clustering, identify genomic se- Genetics: Domer et al. (26) and in vivo (27) (35) .
The MLL sequence reported here is homologous with the Drosophila trithorax gene product and the HMG protein AT-hook (12, 13) . In addition, we have noted a cysteine-rich, zinc-finger-like region of MLL encoded 5' of the breakpoint cluster which has homology to a DNA methyltransferase. Antibodies to this motif of the methyltransferase can inhibit enzymatic function, although it is not the catalytic site. It has been postulated the motif takes part in protein-protein interactions which activate enzymatic function (29) . Of interest, this region is retained in both alternatively processed forms of MLL. The homology to trithorax and the AT hook of the HMG proteins suggests that MLL also functions to control transcription. Both the zinc fingers and AT hooks in MLL could bind DNA. MLL appears to be widely expressed, but if its function is analogous to that of trithorax its effect could vary markedly from tissue to tissue (36) .
AF4 has a number of features which suggest it also functions as a transcription factor. It has a putative nuclear localization signal and two basic regions. The carboxyl terminus contains a glutamine-rich possible transcriptional activation domain with homology to trithorax.
Cytogenetic and molecular studies argue that the der(ll) (17, The cloning and description of the t(4;11) breakpoint and the complete der(ll) fusion product in this report offer insight into the pathogenesis of an important class ofleukemias. This will enable studies with models of altered MLL which will determine whether gain-of-function, loss-of-function, or dominant negative mechanisms are operative in leukemogenesis.
